ABSTRACT X-ray observations show that galaxy clusters have a very large range of morphologies. The most disturbed systems which are good to study how clusters form and grow and to test physical models, may potentially complicate cosmological studies because the cluster mass determination becomes more challenging. Thus, we need to understand the cluster properties of our samples to reduce possible biases. This is complicated by the fact that different experiments may detect different cluster populations. For example, SZ selected cluster samples have been found to include a greater fraction of disturbed systems than X-ray selected samples. In this paper we determined eight morphological parameters for the Planck Early Sunyaev-Zeldovich (ESZ) objects observed with XMM-Newton. We found that two parameters, concentration and centroid-shift, are the best to distinguish between relaxed and disturbed systems. For each parameter we provide the values that allow one to select the most relaxed or most disturbed objects from a sample. We found that there is no mass dependence on the cluster dynamical state. By comparing our results with what was obtained with REXCESS clusters, we also confirm that indeed the ESZ clusters tend to be more disturbed, as found by previous studies.
INTRODUCTION
Galaxy clusters were first detected as high concentrations of galaxies in the sky. In addition to the galaxies, there is a hot X-ray emitting intracluster medium (ICM) that accounts for the bulk of the cluster baryons. That makes X-ray surveys a powerful tool for cluster detection. More recently, Sunyaev-Zeldovich (SZ, Sunyaev & Zeldovich 1972 ) observations have opened a new window for cluster detection and are now providing new catalogs. Due to the different dependence of the SZ and X-ray emission on the gas density, there is currently a debate regarding whether the two experiments are detecting the same population of galaxy clusters. In particular, since the X-ray emission scales with the square of the gas density, X-ray surveys are more prone to detect centrally peaked, more relaxed galaxy clusters (e.g. Eckert et al. 2011) . Being less sensitive to the central gas density the SZ experiments detect more unrelaxed clusters (e.g. Planck Collaboration et al. 2011a ).
The first indications that dynamically disturbed objects are more represented in the SZ than X-ray surveys were found by Planck Collaboration et al. (2011a) and Planck Collaboration et al. (2013) by comparing the scaled density profiles of the newly-detected SZ clusters with the ones of REXCESS clusters, a representative Xray sample. The SZ objects have on average flatter gas density distributions (i.e. are more disturbed morphology). Recently Rossetti et al. (2016) used the projected distance between the X-ray peak and the BCG as an indicator of relaxation for galaxy clusters. They found that X-ray selected samples tend to be more relaxed than SZ selected clusters and they interpreted the result as an indication of the cool core bias. In a second paper, Rossetti et al. (2017) also investigated another morphological parameter (concentration) and they confirmed their first paper's result and they supported the cool core bias interpretation by performing a set of simulations. The result has been also confirmed by AndradeSantos et al. (2017) who compared the concentration, cuspiness and central density for the ESZ sample (only the clusters with redshift lower than 0.35) and an Xray flux limited sample. Although both papers obtained similar results, they provide a different explanation for the selection effects. Andrade- Santos et al. (2017) scribed a simple model which predict that cool core clusters are over-represented in X-ray samples because of the Malmquist bias and were able to reproduce their results just considering the average luminosity difference between cool core and non cool core clusters. Rossetti et al. (2017) performed a set of dedicated simulations by considering the different shape of the surface brightness profile for cool core and non cool core clusters to produce a realistic population of galaxy clusters and investigate the effect of the X-ray and SZ selection. They found that Malmquist and CC biases are probably at the origin of the different fraction of relaxed systems in the two samples but unlikely it can explain the whole difference. The above-mentioned papers are based on Planck selected samples while, interestingly, Nurgaliev et al. (2017) , via two other methods (i.e. centroid shifts and photon asymmetry), did not find significant differences in the observed morphology of X-ray and SPT selected samples. On the other hand, the different papers also used different X-ray samples (with different redshift and mass properties, as well as selection methods) for the comparison which complicate the interpretation of the different results as discussed in more detail by Rossetti et al. (2017) .
The different fractions of relaxed and unrelaxed systems in the samples have important implications for cosmology. In fact, the cluster mass, which is the most fundamental property to use clusters for cosmological studies, can be over-or underestimated during a cluster merger when clusters are generally not in hydrostatic equlibrium (e.g. Randall et al. 2002) . Moreover, compression and heating can alter both temperature and luminosity (e.g. Ricker & Sarazin 2001) . Even for relaxed systems, accurate determination of the mass requires good knowledge of both the gas density and temperature profiles up to R 500 1 , which are not available for many systems. And in the future almost all groups and clusters detected with eROSITA will have too few photons to measure their temperature and mass profiles (Borm et al. 2014) . Thus, cosmological studies using groups and clusters of galaxies rely heavily on a detailed understanding of the scaling relations. Measures of the dynamical states of the systems offer important information to obtain precise scaling relations and understand their scatter. For example, Mantz et al. (2015) showed that the identification of substructure in galaxy clusters allowed an accurate selection of relaxed systems that led to tight constraints on the cosmological evolution of the gas mass fraction. Moreover, although to test the cosmological models we need the mass function of the whole population, the X-ray masses, obtained under the assumption of HE are more robust for relaxed clusters (e.g. Rasia et al. 2006 , Lau et al. 2009 ). A recent study by Applegate et al. (2016) based on relaxed systems disfavor strong departures from hydrostatic equilibrium and show a good agreement between X-ray and lensing masses (see also the results by Israel et al. 2014) . Andrade-Santos et al. (2012) showed that since disturbed systems tend to be less luminous and less massive they can be used in the scaling relations once the level of substructures is known and parametrized so that their positions in the mass-observable planes can be corrected (e.g. Ventimiglia et al. 2008) . Opposed to the cosmological studies, astrophysical investigations usually focus more on highly disturbed galaxy clusters where phenomena like turbulence and particle (re-)acceleration are more prominent and easier to be investigated. Furthermore, most of these disturbed galaxy clusters are outliers in many scaling relations, thus their identification is fruitful for many different studies.
To characterize the dynamical state of a galaxy cluster requires access to a large set of information in different wavelengths (e.g. gas thermodynamical properties distribution from X-ray data; total mass distribution from the lensing analysis) which are available only for a few individual clusters. An alternative is to compute well defined morphological parameters, making use of the relatively cheap X-ray images and profiles. Several morphological indicators have been proposed in the last few decades: e.g., BCG-X-ray peak offset (e.g. Jones & Forman 1984 , Jones & Forman 1999 , centroid shifts (Mohr et al. 1993) , power ratios (Buote & Tsai 1995 , 1996 , concentration parameter (Santos et al. 2008) , and photon asymmetry (Nurgaliev et al. 2013) . Pinkney et al. (1996) and Böhringer et al. (2010) showed that because of the different projection effects, none of these methods is good in all cases and a combination of them might be more effective to quantify the level of substructures. Thus, given the large amount of new data that will be collected from current and future surveys, and that both X-ray and SZ detection methods may have some common biases (Angulo et al. 2012; Lin et al. 2015) , it is important to investigate the morphological indicators for large cluster samples and i) identify which parameter(s) most efficiently allow us to classify relaxed and disturbed objects, and ii) verify if the X-ray morphologies of X-ray and SZ samples are consistent.
The subdivision of relaxed and disturbed systems is itself very hard because there is no rigorous definition and a simple subdivision into two classes is probably oversimplistic. In fact, the measure of the level of relaxation of galaxy clusters as given by the morphological parameters is a continuos function, from very relaxed systems (i.e. objects with circular X-ray isophotes and without substructures) to very disturbed objects (i.e. clear evidence of merging). While most of the systems are not on the tail of the distribution, as discussed above, several studies are only interested on the extreme systems (either the most relaxed or the most disturbed). Thus, instead of finding parameter values that split the objects in two subsamples, for these studies, it is more important to have threshold values that selectively exclude most, if not all, the relaxed or unrelaxed systems.
In this paper we study a set of 8 morphological parameters. Some of them are derived from the X-ray images, while others are derived from the surface brightness (SB) and electron density profiles. The goal is to identify which are the best parameters to pinpoint the most relaxed and most disturbed galaxy clusters.
We assume a ΛCDM cosmology with H 0 =70 km/s/Mpc, Ω Λ =0.7 and Ω m =0.3. The outline of the paper is organized as follows. In §2 we present the data preparation and analysis. The definitions of the morphological parameters are presented in §3 and the results in §4. In §5 and §6 we discuss the results and present our conclusions.
DATA ANALYSIS

The sample
Simulations have shown that the SZ quantities weakly depends on the dynamical state of the objects (e.g. Motl et al. 2005) suggesting that SZ selected samples might be more representative of the underlying cluster population and so more appropriate for the study we are carrying out in this paper.
ESA's Planck Mission has provided a long list of cluster candidates from which two large and statistically representative samples have been extracted: i) the ESZ sample (Planck Collaboration et al. 2011b) , and ii) the PSZ1 cosmology sample (Planck Collaboration et al. 2014) . Both samples would be suitable for our analyses but we choose the ESZ sample because when we started this analyses (beginning of 2016) its XMM-Newton coverage (public data for 149 2 vs 142 clusters, respectively) was larger than for the PSZ1 cosmological sample.
The ESZ sample consists of 189 massive clusters (one is a false detection), by imposing a signal-to-noise ratio threshold of 6 on the catalogue of Sunyaev-Zel'dovich (SZ) detections above the Galactic plane (|b| > 15
• ). The clusters span a quite broad redshift range, from 0.01 to 0.55. XMM-Newton has observed 155 of these Planck clusters, but for five of them the observations are completely flared and cannot be used for the characterization of the cluster properties.
2 Note that since we started the data became public for another 6 clusters which are also included in the sample. observed R 500 <FOV full sample Figure 1 . top: Distribution of the Planck cluster masses within R500 for the ESZ sample. The blue histogram refers to all the 188 objects, the red histogram to the clusters observed with XMM-Newton (excluding the flared observations), and the green histogram to the clusters that completely fit within the XMM-Newton FOV. bottom: Mass-redshift distribution for the ESZ sample with the same colors are in the top panel.
Data reduction
Observation data files (ODFs) were downloaded from the XMM-Newton archive and processed with the XMM v.16.0.0 software for data reduction. The initial data processing to generate calibrated event files from raw data was done by running the tasks emchain and epchain. We only consider single, double, triple, and quadruple events for MOS (i.e. PATTERN≤12) and single for pn (i.e. PATTERN==0), and we applied the standard procedure for the removal of bright pixels and hot columns (i.e. FLAG==0) and the pn out-of-time correction. All the data were cleaned for periods of high background due to the soft protons, following the procedure extensively described in Lovisari et al. (2015) .
Image analyses
The X-ray images were created in the 0.3-2 keV energy band to maximize the signal-to-noise using a binning of 82 physical pixels corresponding to a resolution of 4.1 arcsec. The background subtraction was performed using a combination of blank-sky field (BSF) and filter wheel closed (FWC) observations as described in Lovisari et al. (2011) . Briefly, we selected the data sets with the most similar background properties for each cluster. We filtered the events by applying the same selection criteria used for the observations. For each detector we added/subtracted the renormalized FWC observations to the corresponding BSF images to compensate for the difference between the out-of-field-of-view (OOFOV) events (which are a good indicator of the level of the particle background) in the observation and in the BSF data. The normalization factors were obtained by fitting the OOFOV events of both the observation and the BSF in the 3-10 keV energy band (for more details about this choice see Zhang et al. 2009 ) with a model that includes a power-law and several gaussian lines to account for the fluorescent emission observed in both detectors. The normalization factors were derived as the ratio of the powerlaw normalization of the observation to the BSF. The data from the three detectors were combined into a single image and divided by the combined exposure map after the MOS exposures were rescaled by a factor to account for the difference in effective area. The weighting factors have been obtained by determining the scaling of the cluster surface brightness profiles observed with each of the three detectors (see Böhringer et al. 2010 ). Thanks to this procedure all the gaps (e.g. CCD gaps) are removed from the final images. Regions exposed with less than 5% of the total exposure were excluded Point-like X-ray sources were detected with the edetectchain task and visually inspected to discriminate between real point sources and extended cluster substructures. The latter were not removed from the data files. After removing the point sources, the holes were refilled using the CIAO task dmfilth.
Surface brightness
We determined the surface brightness (SB) profiles, centered on the X-ray peak of the main cluster component, from the background-subtracted, vignettingcorrected images, as described in the previous section. The chosen energy band provides an optimal ratio of the source over background flux for XMM-Newton data and ensures an almost temperature-independent X-ray emission. For the calculation of the profiles, to avoid "humps" in the SB profiles due to the presence of substructures or a secondary peak (e.g. in the case of an infalling system), we removed all substructures clearly visible by eye. For bimodal mergers, the profiles were obtained independently for the two subclusters. The SB profiles were fitted with a double β-model:
where r c,i and S 0,i are the core radius and central surface brightness of each of the two components, respectively. This model usually provides a good fit for all the clusters once the main substructures are removed.
R 500
Galaxy clusters are at the nodes of the cosmic web, so at large radii they are expected to show signatures of accretion processes (e.g. Roncarelli et al. 2006) . Hydrodynamical simulations have shown that within R 500 , galaxy clusters are relatively relaxed unless a merger event modifies the existing conditions. Thus, R 500 represents the optimal radius for the morphological analysis to obtain a comprehensive view of the dynamical state of the clusters. Due to their low redshifts, a small fraction of objects do extend beyond the XMM-Newton FOV, so we also computed the morphological parameters within 0.5R 500 . Using the spectral temperature, T init , measured in the region that maximizes the signal-to-noise in the 0.3-2 keV band, we estimated an initial R 500,init using the equation from Arnaud et al. (2005) :
where E(z) is the ratio of the Hubble constant at redshift z to its present day value. We then calculated the total gas mass (M gas ) by integrating the density profile within that radius and computed Y X =M gas ×T init . By using the M -Y X relation given in Arnaud et al. (2010) , assuming self-similar evolution,
14.567
we estimate M 500 and R 500 . We then re-extracted a spectra in the region within 0.15-0.75R 500 to determine a new temperature and re-computed Y X using the new R 500 and M 500 . The procedure is repeated until convergence, which happens when the difference between the initial and the new temperature is smaller than 1%.
The spectral analysis were done using XSPEC (Arnaud 1996) . All the spectra were re-binned to ensure at least 25 counts per bin and a minimum energy width per bin of 1/3 of the full width half maximum (FWHM) to prevent to oversample the instrument spectral resolution. Spectra were fit in the 0.3-10 keV energy range with an absorbed APEC (Smith et al. 2001 ) thermal plasma with a column density from Willingale et al. (2013) . The EPIC spectra were fitted simultaneously, with temperatures and metallicities linked and enforcing the same normalization value for MOS, and allowing the pn normalization to vary.
MORPHOLOGICAL PARAMETERS
In the following we introduce the methods for the substructure and morphology characterization.
Concentration
The concentration parameter indicates how concentrated the X-ray emission is and was first introduced by Santos et al. (2008) as a good indicator for the presence of cooling core systems at high redshift. It is defined as the ratio of the emission within 2 different circular apertures. In this paper we use:
where R max can be either 0.5R 500 or R 500 . While in papers using Chandra observations, it is possible to use directly the source counts estimated from the images, here we must take into account the XMM-Newton PSF. Thus, we integrated the SB profiles deconvolved with the PSF. We discuss the relation between the concentration value obtained with and without the PSF correction in Appendix B.
Centroid shift
The centroid shitft parameter is defined as the variance of the projected separation between the X-ray peak determined from the smoothed image (with a Gaussian of FWHM of 6 arcsec) and the centroid of the emission obtained within 10 apertures of increasing radius up to R max :
The default value for R max is 0.5R 500 , but when R 500 fits completely within the FOV we also estimated the values at R max = R 500 .
Power ratios
Introduced by Buote & Tsai (1995) , the power ratio method is motivated by the idea that the SB is a good representation of the projected mass distribution of the cluster. The power ratios consist of a 2D multipole decomposition of the surface brightness distribution within a specified aperture and they account for the radial fluctuations where the high order moments are sensitive to smaller and smaller scales. The m-order power ratio is defined as P m /P 0 with
where a 0 is the total intensity within the aperture radius R ap . The moments a m and b m are calculated by
and
where S(x) is the X-ray surface brightness at the position x=(R,φ). In this paper we focus on the third (i.e. P3/P0, hereafter P30) and fourth (i.e. P4/P0, hereafter P40) moments which are sensitive to the large and small scale substructures.
Gini coefficient
The Gini coefficient, a standard economic measure of income inequality, was used for the first time in astronomy by Abraham et al. (2003) to measure the light concentration of all galaxy types and characterize their morphology. In this paper we use it as a measure of the Xray flux distribution in galaxy clusters. If the total flux is equally distributed among the considered pixels, then the Gini coefficient is equal to 0, while if the total flux is concentrated into a single pixel, then its value is equal to 1. We adopt the definition from Lotz et al. (2004) :
where K i is the pixel value in the i-th pixel of a given image, n is the total number of pixels, andK is the mean of the absolute values of all n pixels in the image. As discussed by Lotz et al. (2004) , the absolute values of k i are required because in the low surface brightness regions some pixels can result in negative values after the background subtraction. Including those negative values can yield a Gini coefficient to achieve values higher than 1. We note that the Gini coefficient is less sensitive to surface brightness effects and does not require a well-defined centroid (i.e. whether the flux is concentrated into a few pixels in the center or in the outer regions the obtained value is the same). That makes this parameters interesting for distant clusters and shallow observations that do not allow a precise determination of the X-ray peak. To our knowledge only Parekh et al. (2015) computed this parameter to X-ray observations of galaxy clusters.
Central electron density
While the formation of a cool core in the ICM is not a fully understood process, many studies (e.g. Hudson et al. 2010) have shown that the most relaxed systems tend to have a high gas density core with no significant redshift evolution (e.g. McDonald et al. 2017) . Under the assumption of spherical symmetry, the gas density profile can be obtained from the combination of the best-fit results from the spectral and imaging analyses as described in Lovisari et al. (2015) (see also Hudson et al. 2010) . In this paper we use the value of the density computed at 0.02R 500 to avoid the problem with the modeling close to R=0 (where the density profile may diverge) but still close enough to the cluster center to be representative of the central electron density. The central densities have not been scaled by E(z) − 2 but given the small redshift range the impact to the values is modest.
Cuspiness
Related to the density profile the cuspiness was suggested by Vikhlinin et al. (2007) and it is defined as:
where ρ g is the gas density profile and the function is computed at a fixed scaled radius of 0.04R 500 . This radius was chosen to be close enough to the core that the effect of cooling is strong but far enough to avoid the flattening of the profile due to the outflows from the central AGN. We note that although for the SB profiles we removed most of the substructures there are still a few cases where the fit is not perfectly in agreement with the data points which might bias the cuspiness for some of the clusters (in particular the most disturbed ones).
Ellipticity
Although not necessarily a measure of substructures, the ellipticity is commonly defined by the ratio between the semi-minor and semi-major axis. A measure of the ellipticity can also be obtained by the power ratio P2/P0. Although we verified that the two measurements are well correlated, in this paper we used the first definition.
RESULTS
Of the 150 analyzed clusters (excluding the ones with completely flared observations), 120 clusters have R 500 completely within the XMM-Newton field-of-view. For 28 clusters, the estimated R 500 extends beyond the FOV, but we could still measure their properties within 0.5R 500 . Two of the analyzed objects (AWM7 and A1060) are very nearby and therefore only a small fraction of their radius (i.e. <0.3R 500 ) lies within the FOV. Therefore, we excluded them from the analysis. Thus, when plotting the parameters determined within R 500 , we only use 120 objects, while when we investigate the properties at 0.5R 500 , we make use of the full sample of 148 objects. The subsample of objects observed with XMM-Newton is representative of the full sample in terms of total masses (see top panel of Fig. 1 ). The same is true for the objects fitting the XMM-Newton FOV although the full sample includes a tail of low mass objects. In the bottom panel of Fig. 1 we also show the Planck mass-redshift distribution of the objects in the ESZ sample and the XMM-Newton coverage.
Morphology parameters
The results of the substructure analysis is summarized in Fig. 2 where we report the distribution of the parameters calculated within R 500 (see Appendix C for the parameters calculated within 0.5R 500 ). The uncertainties of the morphological parameters obtained directly using the images (i.e. Gini coefficient, centroidshift, power-ratios, and ellipticity) have been obtained via monte-Carlo simulations as previously done by Cassano et al. (2010) and Donahue et al. (2016) . For every cluster we simulated 100 versions of the X-ray images by resampling the counts per pixel according to their Poissonian error. Similarly, to obtain the uncertainties of the parameters associated with the profiles (i.e. n e , cuspiness, and concentration), we randomly varied the observational data points of the SB profiles 100 times to determine a new best fit. Again, the randomization was driven from the Gaussian distribution with mean and standard deviations in accordance with the observed data points and the associated uncertainties. Apart from the power ratios the uncertainties are very small (see Table H1 ) and they are not expected to play a big role in the correlations and classification scheme for which we used only the parameter values. Thus, the errors have been used only for illustration purposes.
Although the different plots show a significant intrinsic scatter, the expected correlation between several parameters can still be observed. In fact, large centroid shifts and power-ratios, as well as small X-ray concentrations, Gini coefficients, and central densities are likely associated with disturbed clusters and so these measurements are expected to correlate with each other. The strongest correlations (see Table I1 in the Appendix) have been obtained by comparing parameters that are more sensitive to the core properties like for example cn e (ρ=0.87 and r=0.87), c-Gini (ρ=0.71 and r=0.71), or Gini-n e (ρ=0.66 and r=0.73). A good correlation is also obtained when comparing parameters that are more sensitive to the level of substructures, e.g. w-P30 (ρ=0.63 and r=0.53), w-P40 (ρ=0.61 and r=0.45), or P30-P40 (ρ=0.99 and r=0.56). A weaker correlation instead is found when comparing a parameter sensitive to the core properties with one parameter sensitive to the level of substructures (e.g. n e -w (ρ=-0.29 and r=-0.42), c-P30 Tables 2 and 3 . To highlight the difference between relaxed and disturbed systems the "mix" objects are not plotted.
(ρ=-0.11 and r=-0.39), or Gini-P40 (ρ=-0.14 and r=-0.49)).The ellipticity, while showing no correlation with the parameters sensitive to the core properties, correlates with the ones sensitive to the level of substructures.
Finding the most relaxed and most disturbed objects
Each parameter has a different ability to distinguish between relaxed and unrelaxed systems. To evaluate each parameter's ability in determining the dynamical state we follow a procedure presented by where the clusters are visually classified as relaxed, disturbed and "mix". A group of six astronomers inspected the images and rated the relaxation 3 state of the clusters with a grade that ranges from 1 (most relaxed) to 4 (most disturbed). We then averaged the results. All the clusters with an average grade lower than 2 were classified as relaxed while the clusters with an average grade larger than 3 were classified as disturbed. We refer to the remaining clusters with grade from 2 to 3 as "mix". Although the classification is subjective, broadly speaking, objects with circular X-ray isophotes and without substructures are classified as relaxed, double or complex objects with clear evidence of merging are classified as disturbed, and all the other with small substructures or relatively flat X-ray distribution as "mix" objects (see the cluster images in the Appendix). The distribution of relaxed and unrelaxed objects are significantly shifted with little overlap for the centroid-shift, concentration, and power ratio parameters (see Fig. 3 ). The overlap is larger for the central density, Gini, cuspiness and ellipticity. For these latter parameters, choosing a threshold value to classify the objects will lead either to a contaminated or incomplete sample. By "contaminated" we mean that some of the disturbed systems will be classified as relaxed (or the reverse), while for "incomplete", we mean that some of the relaxed objects are not recognized. If two distributions would completely shift apart, then one can choose the threshold value that allows to have a complete and not contaminated sample. However, since all the histograms overlap, one needs to find a good compromise between the completeness of the sample and its contamination. Following , we define two properties, the sample completeness "C" and the purity "P":
where QN is the number of objects above (or below) a certain threshold and TN is the total number of objects. In a similar way we computed C d and P d for the disturbed objects. We also provide the purity of the sample when "mix" objects are also considered:
In Table 1 we summarized the results of the analyses where we searched for the threshold values that optimize either C or P. The two cluster parameters that perform better to select the relaxed systems are the concentration and the centroid shift that, for a completeness of 100% both have a purity of 84%. The centroid shift performs better than the concentration if one searches for high purity (e.g. P> 95%). In fact the high purity for the concentration is reached of the higher detriment of the completeness than for the centroid-shift. The selection of the most disturbed objects results more difficult than for the relaxed objects. This is probably due to the fact that parameters that depend on models, like c or n e , are better determined for relaxed than disturbed clusters. The clusters marked as disturbed but showing a rather high concentration (see Fig. D1 ) are usually double or complex objects. For those clusters only the main subscluster was used for the calculation of the concentration values, slightly overestimating the concentration.
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The centroid shift results again the best parameter to distinguish the most disturbed objects from the most relaxed but the purity of the sample is lower. The different parameters are sensitive to different properties of the clusters. For example power-ratios and centroid shifts are sensitive to the presence of substructures, while the central density is more connected to the core properties of the clusters. Due to that some objects, which are quite relaxed and peaked in the center with some infalling substructures, can be classified differently if one use different parameters. One way to have a more robust selection of the most relaxed clusters in the sample is to combine more parameters. When combining two parameters, we want to keep the completeness as high as we have done with one single threshold but increase the purity of the sample. For example, for both concentration and centroid shift taken individually, the chosen thresholds give a 100% completeness, but "only" a 84% purity. Combining concentration and centroidshift we obtain a purity of 97%, while maintaining the full completeness. In general adding a second parameter in the selection of the relaxed clusters always improves the purity of the sample although for some, the completeness drop below 90%. In Table 2 we list only the best combination of parameters. The centroid shift does a very good job in removing unrelaxed objects from the Table 1 . For each parameter we indicate the limit (L) that characterize the relaxed and disturbed systems and the purity (P) and completeness (C) parameters. Pext refers to the purity calculated including the "mix" objects. For most of the parameters we provide two threshold values, one to optimize the completeness and one to optimize the purity. sample. In fact, the purity of all the parameters increases by 10% or more when combined with w. Also the power-ratios and ellipticity help to increase the purity of the sample although not as significantly as the centroid shift. This suggests that combining a parameter more sensitive to the level of substructures like w, P30, and P40 with parameters that are more sensitive to the core properties like n e and c is the best way to identify the most relaxed clusters. Combining more than two morphological parameters usually reduces the completeness of the sample. For example, the only combination of three parameters that maintains the full completeness of relaxed clusters is c>0.15, w<0.021, and P30<2E-7. However, that removes only very few "mix" objects.
SZ vs X-ray selected clusters
It is interesting to compare the results for the ESZ clusters with the ones obtained with the REXCESS sample, which was designed to be representative of any high quality local X-ray survey. The REXCESS clusters have been selected by their X-ray luminosity only without any specific requirement on their morphology or dynamical state. In the cumulative plots shown in Fig. 4 , we clearly see that Planck selected objects tend to be morphologically more disturbed than their X-ray counterparts. Low p-values of the Kolmogorov-Smirnov (KS) test confirm that the two samples have indeed a different X-ray morphology if either the centroid-shift (D=0.33, p≤0.01), concentration (D=0.36, p≤0.01), or the cuspi- Table 2 . For each parameter we indicate the limit (L) that characterize the relaxed and disturbed systems and the purity (P) and completeness (C) parameters. We list here only the combination of parameters that gives the best results. As in Table 2 Pext refers to the purity calculated including the "mix" objects. Since the REXCESS sample was obtained applying two redshift cuts, to have a fairer comparison we also selected from the ESZ sample only the objects in the redshift range 0.0564-0.183 (i.e. the same redshift range as the REXCESS clusters). We found no significant differences with respect to the results obtained using the full ESZ sample. Anyway, the masses of the clusters in the ESZ sample are on average larger than those of the REXCESS sample, although there is little to no dependence of the morphological parameter values on cluster mass (see next Section).
Cluster properties and morphology
We investigated the dependence of the morphological parameters on different cluster properties like total mass and X-ray luminosity. The redshift dependence of the morphological parameters will be discussed in a forthcoming paper (i.e Démoclès et al. in prep.).
We first investigated how the morphological parameters vary with total cluster mass (see Sect. 2.5 for the mass derivation), which is the most fundamental property for scaling relations of galaxy clusters. This also has some potential to impact the results on comparing X-ray and SZ samples. In fact, the cluster mass distribution for X-ray selected samples usually extends to significantly lower masses than the SZ selected samples (e.g. Andrade- Santos et al. 2017) .
In Fig. 5 we show the cumulative plots for the morphological parameters computed within R 500 (see Appendix A for similar plots computed within 0.5R 500 ) when subdividing the sample into two mass bins to get a roughly similar number of objects in each subsample (note that the subsample with high-mass objects spans a broader range of redshift than the low-mass objects that are more peaked at low redshift). We note that a p-value <0.01 of the KS test confirms that the subsamples of clusters with low and high masses are significantly different. Although there is a hint of a weak dependence of the centroid shift and the concentration on the cluster mass, this is not confirmed by means of the Spearman and Pearson tests which give a relatively high probability of no correlation (see Table 3 ). We note that the Spearman test (which evaluates a monotonic relationship as opposed to the Pearson test that evaluates a linear relationship) predicts a very weak correlation for the concentration. A dependence on the cluster mass is also observed with the central density, and in particular with the Gini coefficient, which shows a very strong correlation. More massive objects have higher values of central density and Gini. This trend with the total mass disappears (r=0.10 and ρ=0.05) if we consider the Gini computed within 0.5R 500 instead of R 500 .
In Fig. 6 we show the cumulative plots for the same parameters when subdividing the sample by the cluster luminosities (L X =4.7×10 44 erg/s gives a roughly similar number of objects in each subsample). As expected we observe that the most luminous objects tend to have higher concentrations, Gini coefficients and central gas densities. At the same time we do not observe any correlation between the X-ray luminosity and the centroid shift (see Table 3 ). Again we note that a p-value <0.01 of the KS test attests that the subsamples of clusters with low and high luminosity significantly differs. 
Morphological parameters
In the past years several studies (e.g. Mann & Ebeling 2012; Mantz et al. 2015; Parekh et al. 2015) dealt with the classification of the galaxy clusters as relaxed or disturbed using different morphological parameters. Most of them are based on the analyses of Chandra data (e.g. Mantz et al. 2015; Parekh et al. 2015; Cuciti et al. 2015) which allow a good spatial resolution but a small cluster coverage (at least in the low redshift regime where relatively short observations allow a good data quality of the images and profiles). To our knowledge the only study based on XMM-Newton data that dealt with such classification is the one by Böhringer et al. (2010) who performed an investigation for 31 clusters from REXCESS sample. While the unprecedented spatial resolution of Chandra allows to detect small scale substructures (but for most of the clusters we are limited by statistics) the advantage of XMM-Newton is of course its larger FOV which allow to determine the morphological parameters up to R 500 even for relatively low redshift objects, and its large effective area which allow to collect many photons necessary to derive the morphological parameters with a great accuracy. For instance, Bartalucci et al. (2017) showed that while XMM-Newton and Chandra measurements of the centroid-shift are consistent even for high redshift (z≈1) massive clusters, XMM-Newton yields ∼3 times smaller uncertainties than Chandra for a given exposure time.
We presented a set of eight morphological parameters to constrain the dynamical state of the ESZ galaxy clusters. Three of them (i.e. centroid-shift w, and two power-ratios P30 and P40) are sensitive to the presence of substructures, which are certainly indicative of a dynamically active system. Since the absence of substructures does not necessary imply that the cluster is relaxed we complemented the results with the concentration, central density, cuspiness, and Gini coefficient that instead are more sensitive to the core properties (i.e. how peaked the gas distribution is, which is an indication of relaxation) of the systems. Finally, an old merger where most of the substructures have been washed out can still be identify by the strong elliptical shape of the cluster.
Some of these parameters show a very strong correlation with each other (e.g. n e -c or P30-P40) while other show no correlation (e.g. P30-cuspiness or Giniellipticity). This is true both within 0.5R 500 or considering the full volume within R 500 . The correlation is, not surprisingly, tighter when both the considered parameters are more sensitive to the core properties (n e , Gini, and c) or, with somehow weaker correlation coefficients, when both considered parameters are more sensitive to the level of the substructures (e.g. w, P30). Instead, when two parameters sensitive to different features (i.e. one to the core properties and one to the presence of substructures) are considered, the correlation is much weaker. This is most probably due to the fact that some clusters with infalling substructures still host a cool core in the center. Thus, on one side the concentration, Gini, and central density suggest a more relaxed object, on the other, w, P30, and P40 parameters which are more sensitive to the level of substructures shows a more disturbed dynamical state for the cluster. Nevertheless almost all the correlations are quite scattered, which suggests that using one parameter alone to classify relaxed or unrelaxed clusters can yield to misleading results.
The concentration, centroid-shift, and, at a lower level the power-ratios are able to separate the distribution of relaxed and unrelaxed systems with very little overlap (see histograms in Fig. 3 ). The other parameters (i.e. cuspiness, Gini, n e , and ellipticity) instead show a large number of objects in the overlap region, making these less powerful to distinguish between different dynamical states. All the objects visually identified as relaxed have a concentration higher than 0.15 and centroid shift smaller than 0.021. Using only one of these threshold values allows us to build a subsample of objects that include all the relaxed systems with a 16% contamination of disturbed systems which make them the best parameters to characterize the cluster dynamical state among the ones investigated in this paper. Indeed, the contamination is higher if the "mix" objects are included in the calculation. On the other hand, by definition, these objects do not show clear merging features and they might also be relaxed.
The Gini coefficient strongly correlates with the concentration. This makes it very attractive, and in theory very powerful, because contrary to the concentration it is insensitive to the choice of the X-ray center. Unfortunately, our results show that Gini is not as efficient as the concentration and/or the centroid shift to distinguish the most relaxed objects from the most disturbed.
One of the reasons is that double or complex objects (e.g. A2744 or PLCKESZ266.02-21.25), for which we should expect low Gini coefficients, show prominent substructures where the flux is concentrated which effect is to increase the Gini values. On the contrary, some relaxed clusters (e.g. A2175 or A2426) have surprisingly a low Gini coefficient, probably due to the Gini definition used in this paper. In fact, as discussed in Sect. 3.4 we assigned positive value to the pixels that scattered below the sky level. As explained by Lotz et al. (2004) this correction is not able to recover the "true" Gini coefficient for images with low S/N. Thus, for galaxy clusters with relatively shallow observations and with very few photons in the outer regions the Gini value can be underestimated. Despite that, by combining it with w which easily identifies the most relaxed objects, c, or P30, we can obtain a cleaner sample of relaxed (disturbed) systems.
Most relaxed and most disturbed systems
Current and future surveys will provide us with very large galaxy cluster catalogs making eventual visual classification difficult as well as prone to the observer-bias problems connected with that. Thus, we searched the best combination of parameters that will allow us to robustly identify the most relaxed and most disturbed systems in a sample. Naively, one aims to detect all, and only, the relaxed or disturbed objects. We showed that combining the concentration and centroid-shift values allow us to obtain all the relaxed (disturbed) objects with a very small contamination by merging (relaxed) systems. The power of this combination was also demonstrated by Cassano et al. (2010) who used those parameters to show the relation between galaxy cluster mergers and the presence of extended radio halos.
Following we also define a new general parameter M as a combination of the concentration and the centroid shift. That allows to have one single value to classify the X-ray morphology, and to distinguish between the relaxed and disturbed systems. The definition of the parameter is the following:
where c m and w m are the medians of the concentration and the centroid shift, respectively, and c quar and w quar are the first or the third quartile depending if the parameter of the specific cluster is smaller or larger than its median (see for more details). In Fig. 7 we show the distribution of the M values for all the clusters. The distribution clearly shift apart for the relaxed and disturbed objects. All the relaxed objects have an M value greater than 0.5 while, apart from one cluster, all the disturbed objects have an M value lower Figure 7 . Distributions of the M parameter as defined in Eq. 13. Blue and Red histograms refer to visually classified relaxed and disturbed systems while the dashed green distribution refer to the "mix" objects.
than 0.5.
Alternatively to the centroid-shift, one can use the power-ratios, the ellipticity, or the central electron density although their ability to remove the most disturbed or relaxed systems is lower than w. While in general combining more parameters always improves the purity of the sample, the best results are obtained when parameters more sensitive to identify substructures are combined with parameters more sensitive to the core properties. This is because some clusters, for which the core is still prominent (i.e. tend to give high concentration), on large scales show the presence of substructures (e.g. infalling systems) that are indicative that the system is not fully relaxed. Opposite to that, the bulk of the emission of some clusters appears to be relaxed on large scales (i.e. no presence of X-ray substructures) but at the same time they do not show a bright and peaked core suggesting that either an earlier merger prevented its formation or the merger is ongoing along the line of sight to which morphological parameters such as w are not very sensitive. Getting rid of these systems assures that only the most relaxed objects are included in the sample.
While our results suggest that the centroid-shift, eventually paired with a second parameter, is the most powerful parameter in distinguishing relaxed and disturbed systems, Parekh et al. (2015) suggested that unlike parameters sensitive to the core properties, parameters more sensitive to the substructures (like w) are not able to efficiently classify the galaxy clusters dynamical state. In particular, they investigate the smoothness and asymmetry parameters that found very promising with simulations. Parekh et al. (2015) noted that the values of these two parameters depends on the cluster exposure time and S/N which is also true for the power ratios but not for the centroid shift (at least in the count regime investigated in this paper) as shown in the Appendix A. So, while it is true that the ability of some parameters to distinguish different dynamical states indeed depends on the quality of the data, our results indicate that the centroid-shift works well also in a relatively low-count regime.
The combination of different parameters to identify the most relaxed galaxy clusters from a sample was also done by Mantz et al. (2015) , who introduced the symmetry-peakiness-alignment criterion. Their strategy was based on parameters which do not need a complete imaging coverage. However, they show that their parameters strongly (anti-)correlate with both concentration and centroid-shift suggesting that they are able to measure the same X-ray features. We note that although they use different parameters they also combine a parameter more sensitive to the core properties (i.e. the peakiness) with parameters more dependent to the large scale inhomogeneities (i.e. symmetry and alignment) similarly to what done in this paper. We note that they restricted their analysis to relatively small radii which may impact the final results (e.g. see the comparison between the parameters computed at 0.5R 500 and R 500 in Appendix C) and their analysis was optimized to find the most relaxed systems while here we also provide threshold values for selecting the most disturbed galaxy clusters.
Dependence on the cluster properties
The hierarchical structure formation model predicts that massive clusters form through episodic mergers of small mass units. Because of that, statistically one might expect to find the most massive objects in a more disturbed dynamical state. Our morphological analysis supports this scenario only if we use the central density or the Gini coefficient as the reference metric. The dependence of the central density on the cluster mass is due to the fact that the more massive clusters show a higher gas fraction (e.g. Pratt et al. 2009; Lovisari et al. 2015) . The centroid shift and concentration parameters instead show no or very weak dependence on the total mass. The correlation of the mass with Gini is probably an artifact due to the change of the negative pixels in positive pixels required to avoid Gini values higher than 1 that would complicate the interpretation of the results. As discussed in the previous section (see also Appendix A) using the absolute values may bias down the result of the Gini coefficient when dealing with low S/B regions. Thus, for low mass clusters (and so less luminous) the outer regions have a lower S/N (for a given exposure) and the Gini values will be biased down. When the outer regions are removed (e.g. when the parameters are computed within 0.5R 500 ) from the calculation, and so most of the negative pixels are not included, the correlation between the total mass and Gini disappear (see Table  D2 ).
The mass dependence on the morphological parameters (centroid shift and power ratios) was also investigated by Böhringer et al. (2010) . Their results also show no dependence of the morphological parameters on cluster mass. Rossetti et al. (2017) used the concentration parameter (but defined as the counts ratio within 40 and 400 kpc) to estimate the CC-fraction for the Planck cosmology sample, subdividing the objects into two subsamples with different masses. They found hints of a higher CC fraction for the most massive objects but at low significance. Hint of a higher CC fraction was also found by Mantz et al. (2015) . McDonald et al. (2017) did not find any evidence of a redshift evolution in the fraction of merging clusters which is consistent with an evolving merger rate (as predicted by the simulations of Fakhouri et al. 2010) , provided that the relaxation time scale also evolves with redshift. Simulations have also shown that the merger rate has a weak dependence on halo mass (e.g. Fakhouri et al. 2010 ) but we argue that an infalling subhalo of a given mass would have a larger impact to a low mass cluster than to a massive system (e.g. it will take longer to restore the equilibrium). The fact that we do not observe major differences in the fraction of disturbed systems between low and high mass clusters support the scenario suggested by McDonald et al. (2017) who proposed that halos assemble rapidly at high redshift and then the growth get slower. We note that our clusters do no span a very large range of masses, with 85% of them in the range 3-9×10 14 M . So, the analysis should be extended to a larger range to confirm the current results.
Given the L X -M relation, it is not surprisingly that there is also no correlation between the X-ray luminosity and the centroid-shift, and power-ratios. There is instead a weak correlation with the concentration. As noted by Böhringer et al. (2010) , this is probably due to a selection effect. In fact, for a given mass, CC clusters have in general higher X-ray luminosities than non-CC clusters (Pratt et al. 2009 ). Since, these CC clusters are usually more relaxed, they lie on the high luminosity side.
As for the mass, we found that both central density and Gini are correlated also with the luminosity, which is expected given the L X -M relation. The luminosity shows also a dependence with the concentration with the most luminous having as expected a higher concentration in the center. Thus, indeed the luminosity is well correlated with parameters more sensitive to the core properties. It does not show instead any dependence with the parameters more connected with the presence of substructures. If we assume that the state of relaxation of a cluster is connected with the presence and number of substructures then the X-ray global properties are not helpful to determine its dynamical state. A similar result was obtained with the REXCESS sample by Böhringer et al. (2010) .
ESZ vs REXCESS
We compared different morphological parameters with the ones derived for the REXCESS sample. Apart from the central density, all of them confirm that Planck selected objects are generally more disturbed than the Xray selected sample. Since the two samples have a different redshift distribution and given the weak dependence on the redshift for some parameters, we also constrained the analyses to the same redshift range. However the difference between the two samples remained. The two samples also have a different mass distribution, but as previously discussed, only the central density and Gini show a mass dependence, so that should not have impact on the comparison. The mass dependence of the central density is likely the explanation for the lack of difference between the ESZ and REXCESS values. In fact, ESZ clusters are more massive than REXCESS clusters, so they have in general higher central density (M tot −n e relation), but that is counterbalanced by the fact that the ESZ clusters are morphologically more disturbed and have a lower central density (e.g. n e − w, n e − P 30 ). This implies that if one uses the central density to compare the properties of SZ and X-ray selected samples one must assure that the samples span a similar range in redshift or total masses.
Recently, Rossetti et al. (2017) compared the fraction of cool-core clusters in the Planck cosmological sample and the X-ray selected sample MACS (Mann & Ebeling 2012 ) using the concentration parameter as a proxy for CC. They found that the CC fraction in the X-ray selected sample is higher than in Planck. We note that their definition of c is taken from the original work of Santos et al. (2008) (i.e. c=SB(r<40kpc)/SB(r<400kpc)) and so is different from the one used in this paper.
The use of the different definition for the concentration (i.e. using physical radii or a fixed fraction of R 500 ) might have impact on the determination of the specific fraction of CC. In fact, McDonald et al. (2017) analyzing the density profiles of a large sample of clusters suggested that the size of CC are not evolving with time. Accordingly with that it would make more sense to use physical instead of scaled radii to compute the concentration. On the other hand, Hudson et al. (2010) analyzing the temperature profiles of the HIFLUGCS sample (see Reiprich & Böhringer 2002 for more details) showed that the hotter (and so more massive) clusters have larger core radii (in physical scale) but in general smaller than 0.1R 500 (used for example in this paper). Thus, while the size of the cores is not evolving, it is plausible that clusters of different masses host cores with different sizes making both approaches suitable for these kind of investigations. Andrade- Santos et al. (2017) compare the CC fraction in SZ and X-ray samples using both physical radii or a fixed fraction of R 500 . Both methods point toward a larger number of relaxed objects in the X-ray selected samples although the two approaches gives a different fraction of CC. The different fraction may depend on the threshold values used to classify a cluster as CC but also from the fact that their sample span a broader range of masses.
Other studies (e.g. Mantz et al. 2015 , Rossetti et al. 2017 , Andrade-Santos et al. 2017 have shown that Planck selected clusters tend to be morphologically more disturbed than they X-ray counterpart in agreement with the fact that the selection of X-ray cluster samples is significantly biased towards cool-core clusters (e.g. Eckert et al. 2011; Rossetti et al. 2017; AndradeSantos et al. 2017) . The recent papers from Rossetti et al. 2017 and Andrade-Santos et al. 2017 computed several morphological parameters sensitive to the core properties (i.e. c, n e , and cuspiness), and although a direct comparison is not possible due to the different definition of the parameters and of the used R 500 we note that our results qualitatively agree with their finding of a larger fraction of relaxed systems in the X-ray selected samples. However, contrary to what found by Andrade-Santos et al. 2017 we did not find any significant difference in the central electron density of the Planck and X-ray selected clusters. Among the different parameters computed in Andrade- Santos et al. (2017) the central electron density is the one showing the smallest difference in terms of CC fraction between SZ and X-ray selected clusters. As we showed more massive clusters have a higher electron density so the comparison between the different samples depends on the relative mass distribution difference. Moreover, we note that Andrade- Santos et al. 2017 computed the central electron density at 0.01R 500 while our values were computed at 0.02R 500 . Since the central density value is model dependent (i.e. the way one extrapolates to the center) the choice of R 500 at which to compute n e can partially explain the different results.
Previous studies dealing only with X-ray data (e.g. Rossetti et al. 2017 , Andrade-Santos et al. 2017 ) used parameters sensitive to the core properties to investigate the differences between X-ray and Planck selected samples. In this paper, we confirmed that Planck selected clusters tend to be morphologically more disturbed than they X-ray counterpart by using the centroid-shift which is more related to the dynamical state of the clusters rather their core properties. This result is in disagreement with what obtained by Nurgaliev et al. (2017) who did not find any morphological difference between an SPT sample and 400d, an X-ray selected sample (see Burenin et al. 2007 for more details). Indeed the SPT sample is at z>0.4, while the ESZ is at z<0.55 (and mostly at much lower redshift), so maybe the difference is more important at low z. However, that raises the question of what is the origin of the difference between Planck and X-ray samples and/or why the SPT clusters do not show the same morphological differences. That will require a dedicated paper for which the parameters are estimated consistently (e.g. same definition and same algorithm for the parameter calculation) for well defined and comparable samples (e.g. similar mass and redshift distribution).
SUMMARY AND CONCLUSION
In this paper we investigated several morphological parameters for the ESZ sample to identify which parameters are more powerful to pinpoint the most relaxed objects from the sample. We also investigated whether the occurrence of substructures or the presence of cool cores depends on the cluster properties, incuding L X and total mass. Finally by comparing our results with what has been obtained with REXCESS data, a representative X-ray selected sample, we investigated if the SZ and X-ray surveys are selecting the same population of galaxy clusters. Our main conclusions are the following:
-Concentration and centroid-shift are the parameters that perform better in identifying relaxed systems. All the objects visually classified as relaxed have a concentration higher than 0.15 and a centroid-shift value lower than 2.1E-3.
-Identifying the most disturbed systems by using the morphological parameters is in general more difficult than identifying the most relaxed ones.
-Combining two parameters is a more efficient way to select a complete and pure sample of relaxed or disturbed systems. In particular, it is best to combine parameters more sensitive to substructures (e.g. w, P30, and P40) with parameters more sensitive to the core properties (e.g. n e and c). The best results are obtained by combining the concentration with the centroid-shift.
-Apart from the central gas density and Gini coefficient, there is no dependence on the morphological parameters with the total cluster mass. The M tot − n e correlation implies that the central density can be used to compare different samples only if they span the same mass range.
-Samples of SZ selected clusters tend to be more dynamically disturbed (i.e. high centroid shift and low concentration and central density) than the Xray selected samples in agreement with what has been found by other recent studies.
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ROBUSTNESS OF THE PARAMETERS
The clusters in our sample cover a large redshift range so their extension on the sky varies from object to object, which might introduce systematic uncertainties in our measurements. In fact, for more distant objects, it might be harder to measure the small scale substructures. Moreover, if the same image binning is used, for clusters at different redshift we will probe a different physical scale. Furthermore, while some clusters have been observed with very long exposures, others have been observed with relatively short observations. This, can introduce an uncertainty in the determination of the X-ray peak (in particular for the most unrelaxed objects) because of the poorer statistic, and reduce our ability to detect the smaller and fainter substructures. In this section we describe the tests we performed to ensure that our results are stable and robust. First, we checked how important is the choice of the image binnings on the estimated parameters. Indeed, that choice has no impact on the parameters determined using the SB profiles (e.g. central density or concentration) but may play a role for the parameters derived using the images. In Fig. A1 we show the results for 7 different binning. The centroid shift, being basically a measure of the flux distribution, is insensitive to the choice of the binning. This is very important when comparing clusters at different redshifts. The power ratios, which are a measure of the surface brightness inhomogeneities were expected to be a bit more sensitive to the choice of the image binning. In particular one would have expected to find lower values (i.e. more relaxed objects) when a higher binning is used, but the results in Fig. A1 show Figure A1 . left: The relative change of the the centroid-shift (blue), P30 (red), P40 (green) and Gini (cyan) for different image binning with respect to the nominal binning (82 pixels corresponding to 4.1 ). The image binning has little impact on all the morphological parameters, except the Gini coefficient. right: Distribution of the galaxy clusters as a function of the number of counts within R500. In the last bin we included all the objects with more than 100,000 counts. The legend report how many objects are below a certain threshold.
that this is not the case and also that the power ratios are robust and independent of the choice of binning (if that would not have been the case, we would have found more relaxed objects at high redshift due to the different physical space probed by the same binning). The Gini coefficient instead shows a trend with the binning. In particular increasing the binning leads to a lower Gini coefficient. This happens because a larger binning tends to homogenize the flux distribution over the considered pixels. In fact, conceptually Gini is computed by ordering the pixels in ascending order by flux (or counts) and then comparing the resulting cumulative distribution to what would be expected if all the pixels would have the same flux. So, when the flux difference from pixel to pixel is reduced, the cumulative distribution tends to deviate less from a perfectly even flux distribution. As a consequence of that and given the fact that we used a constant binning for our X-ray images, the obtained Gini factors for high redshift clusters tend to be biased low with respect to the low redshift objects.
To test if the different exposures of the clusters in our sample can systematically bias our results, we recomputed the morphological parameters for all the objects reducing the observation times by 50%, 80%, 90%, and 95%, respectively. Again, we found that the centroid shift is not sensitive to the quality of the data and the correct value can be recovered with relatively short observations. Indeed, the longer the observations, the smaller are the statistical errors associated with the measurements. The power ratios are more sensitive to the number of source counts. For example, Weißmann et al. (2013) showed that relaxed clusters appear more disturbed if the number of counts is significantly less of 30,000 counts. In general our clusters have a very good statistic with only a few clusters below 10,000 source counts (see the histogram in Fig. A1 ). But applying a counts cut to our sample does not improve significantly the completeness and the purity of the sample. For example if we exclude all the objects with less than 30,000 counts, our completeness for P30<1E-7 increases from 90% to 93% and the purity from 79% to 84%. We note that the X-ray peaks determined with a different fraction of the exposure time agree within a few arcsec for all the objects and that the scatter of the parameter values due to that difference in the uncertainty of the cluster center is negligible, if compared with the errorbars. Due to the XMM-Newton PSF the surface brightness of a cluster look smoother than what it is in reality. In particular, the effect is bigger for the more distant objects because more photons originating in the center are spread out to much larger regions. As a consequence of that using the XMM-Newton images leads to systematic lower concentrations for the more distant objects than the low redshift clusters. On the other hand, by using the SB profiles might lead to some biases for the most disturbed systems because the clear substructures have to be removed to properly fit the profiles. Depending on the region where these substructures are the effect can be either reducing or increasing the concentration because of the lower number of counts within one of the two different circular apertures. In Fig. B1 we show the comparison between the concentration used in the paper (i.e. c(SB)) and the concentration calculated from the images. Indeed the correlation is good and in general SB profiles give a higher concentration because the PSF is taken into account. The correlation between the cluster global properties and the concentration computed with the images give qualitatively the same results as when the SB profiles are used for the concentration. Clusters are continuously growing through accretion of smaller mass units. Substructures have been found to be relatively common in the outskirts of galaxy clusters (e.g. see for example the preliminary results of the XMM-Newton Cluster Outskirt Project, Eckert et al. 2017 , Tchernin et al. 2016 . As a consequence, the radius at which one computes the morphological parameters may assume a relevant role. Thus, if one limits the analyses to the innermost cluster regions (e.g. within 0.5R 500 ), one might miss some of the infalling structures and mark a cluster as relaxed instead of disturbed.
In Fig. C1 we compare w, c, g, and P30 calculated within 0.5R 500 and R 500 using only the clusters for which R 500 fits within the FOV. Indeed the concentration parameters show a very strong linear correlation (the Pearson rank test gives a correlation of 0.99) suggesting that the selection of clusters based on this parameter is not affected by using a different radius (i.e. the clusters with a high concentration at R 500 have also a high concentration at 0.5R 500 ). This is due to the continuous and smooth shape of the SB profiles and to the fact that they are derived after the removal of all the visible substructures. The other parameters show a similar linear correlation (0.80, 0.77, and 0.55 for w, g, and P30, respectively) but are more scattered. Centroid-shift and power ratios are more sensitive to the presence of substructures and so the choice of the radius used for the calculation has a larger impact. In fact, the centroidshift measures the centroid variations in different aperture regions, so the presence of eventual substructures in the region 0.5-1R 500 can dramatically change the centroid position for half of the considered apertures (i.e. the 5 apertures with r≤ n × R 500 , with n=6-10). Similarly for the power ratios which are based on a 2D multipole expansion of the SB distribution (representing the mass distribution) and account for the azimuthal structures. The multipole moments are a measure for the substructures and depend on the distance to the origin of eventual substructures, as well as their angular dependence and since they are only sensitive to structures having a scale smaller than the considered aperture (see Buote & Tsai 1995 for more details about this last point) the choice of the radius at which P30 and P40 are calculated have impact on the results. Considering a smaller region (e.g. 0.5R 500 instead of R 500 ) leads to a smaller Gini coefficient because, as explained in Appendix A, all the low flux pixels that strongly contribute to move away the cumulative distribution from the even distribution are removed.
Despite the different parameter values at different scales the parameter-parameter relations calculated at 0.5R 500 are pretty similar to what obtained at R 500 . In Fig. C4 we show the plots as Fig. 2 , but obtained within 0.5R 500 .
Similarly, when we compared the cluster properties with the morphological parameters computed within 0.5R 500 (see Fig. C2 and C3) we obtain qualitatively the same results as discussed in Sect. 4.4 and 5.3.
D. RELAXED VS DISTURBED CLUSTERS
In Fig. D1 we show the distribution of the clusters visually classified as relaxed, "mix", and disturbed for the combination of parameters that better perform in distinguishing the most relaxed and most disturbed systems (see Table 2 ).
E. VISUAL CLASSIFICATION
The visual classification, apart from being subjective, might also depends on other criteria like, for example, the goodness of the images. We performed a few tests to ensure that our visual classification is robust.
First of all, we checked whether the same clusters are rated similarly when showed a second time to the six astronomers. This was done by showing multiple times the same images for 20 clusters, randomly chosen and displayed in a random order. All the 20 clusters have been classified in the same way (i.e. relaxed, "mix", and disturbed) with an average dispersion around the Figure C1 . Comparison between the morphological parameters calculated within 0.5R500 and R500. Note that for this comparison both w values have been renormalized by R500 (i.e. we divided by two the value of w(R<R500)). The equality line is shown in green. Table 2 which were used to compute the completeness and the purity of the samples. Figure F1 . Correlations between the total mass and some of the morphological parameters computed within R500. The correlation coefficient decreases from the left to the right. Figure F2 . Correlations between the X-ray luminosity and some of the morphological parameters computed within R500. The correlation coefficient decreases from the left to the right. mean of 0.25. In particular the most relaxed and most disturbed (i.e. the clusters with an average grade lower than 2 and greater than 3) show a smaller dispersion (0.13) than the "mix" objects (0.37). Indeed, the number of counts is also an important parameter when classifying the clusters. Some clusters have very good data quality making easier to spot eventual surface brightness features. Furthermore, the image treatment can also play an important role because, for example, by progressively over-saturating the central regions of a cool core cluster may help to reveal more and more structures because the contrast in the outer regions starts to become more evident. To test whether these issues can bias the visual classification, a second image with reduced number of counts was produced and/or the color contrast changed for 40 galaxy clusters (again randomly selected). The new images were produced to have 10 to 30 thousand of source counts (corresponding, depending on the cluster, to 10-50% of the original total number of counts). Again, we found a very good agreement between the averaged grade obtained with the reduced and total number of counts. The dispersion around the mean was 0.14. Anyway, we note that for 62,5% of the objects the averaged grade is lower when the classification was done with reduced number of counts indicating as we said that a better data quality makes easier to identify possible substructures. Nonetheless, only two objects were classified differently from what done with the total number of counts. Moreover, given their morphological parameter values the qualitative results of the paper would not change because they would fall in the quadrants associated with the most relaxed clusters. Although the classification is subjective, broadly speaking, objects with circular X-ray isophotes and without substructures are classified as relaxed, objects without substructures but not perfectly circular X-ray isophotes (e.g. sloshing) are classified as semi-relaxed, objects with substructures but still with a well formed cluster-core (e.g. A85) are classified as semi-disturbed, and double or complex objects with clear evidence of merging are classified as disturbed. See the cluster images in Fig. J1 . Table H1 .
I. PARAMETER-PARAMETER CORRELATIONS
In Table I1 we list all the correlation coefficients and relative p-values for the plots showed in Fig. 2 . 
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